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Abstract:  
Environmental contamination by the toxic heavy metal cadmium (Cd) is a significant problem in a number of countries, as 
Cd accumulates in crops and causes a number of serious illnesses.  This work investigated whether a heavy metal tolerant 
soil bacterium, Achromobacter sp. strain AO22, could affect plant growth as well as Cd and zinc (Zn) accumulation of the 
fibre crop plant, sunn hemp (Crotolaria juncea).  Seeds of sunn hemp were either presoaked in AO22 cell suspension, or 
used without pretreatment (controls), and plants from both groups grown on potting mix supplied with 0, 50 and 100 ppm 
of Cd or Zn.  The plant growth parameters and total Cd/Zn were analyzed after 4 weeks.  Plants from AO22-presoaked 
seeds and grown on Cd exhibited longer and heavier roots, higher biomass and lower levels of Cd accumulation at 50 ppm 
Cd, compared to controls (without AO22 association).  This could be due to reduced uptake, or increased efflux, of 
moderate amounts of Cd from plants.  AO22 also seemed to moderately enhance root and shoot lengths and Zn 
accumulation.  It thus appears that soil microbiota such as AO22 could hold the key for development of crop plants that 
may be safer to use and more suitable for growth on contaminated sites. 
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1. Introduction 
Cadmium (Cd) is a by-product of smelting, mining, refining of ores of lead, cobalt and mainly zinc, and 
metal works.  The major source of Cd production is Asia, where approximately 50% of the world production.  
Cd is highly toxic and can cause a number of acute and chronic effects on human health and even death.  Cd 
in human food typically comes from crops and contaminated water.  The effects of Cd range from shortness 
of breath, effects on respiratory system, vomiting and diarrhoea [1], kidney damage and renal failure [2], bone 
damage, e.g., Itai-Itai disease [3], to low birth weight and increase in abortions [4].  Cd poisoning is a problem 
affecting several countries.  For example, in the Shenyang Zhangshi Irrigation Area (China), high levels of Cd 
are reported in rice grains (2.6 mg/kg) and in urine and blood of local people [5].  Zn mining has led to serious 
Cd contamination mainly in the Mae Sot district, Thailand, where Cd in rice grain reached up to 7.7 mg/kg 
and >90% of the tested samples exceeded the Codex Committee on Food Additives and Contaminants 
(CCFAC) draft permissible level for rice (0.2 mg/kg) [6], and >100,000 people have affected livelihoods and 
long-term health problems [7].  Developing plants that do not take up Cd from soil, or remove it from soil and 
accumulate it in non-edible parts, are thus crucial for land utilisation and the well-being of people in affected 
areas.  Phytoremediation strategies for uptake and translocation of contaminants to above-ground parts are 
thus of interests due to being low cost and environmentally friendly [8].  However, some limitations are 
reported, such as low Cd uptake, or low translocation to shoot tissues, or long periods of time needed by some 
plants for Cd removal.  Therefore plant systems involving assistance o microorganisms are being investigated 
to enhance the remediation capacity [9, 10].  Endophytic bacteria are of interest, as they can benefit the plant 
by production of chelators that bind to and inactivate heavy metals [11].  Cd is chemically similar to Zn, an 
essential micronutrient, and they often share cellular uptake pathways. This study aimed to test the potential 
of a natural soil bacterium, Achromobacter sp. strain AO22, isolated previously from a lead-contaminated site 
in Australia and found to be resistant to copper, mercury and other heavy metals [12-14], in association with 
the fibre plant sunn hemp (Crotolaria juncea), for cultivation on Cd and Zn-contaminated soil.   
2. Experimental 
The research plan involved (i) testing the level of resistance of Achromobacter sp. AO22 (henceforth 
referred to as AO22) to Cd and Zn, and if found resistant, (ii) whether this property can be used to enhance 
the ability of sun hemp to grow in contaminated environments.  AO22 was grown in 20 mL of Luria broth 
(LB) containing 50 μg/mL ampicillin due to its previously noted ampicillin resistance.  The minimum 
inhibitory concentrations (MIC) of Cd and Zn for AO22 were determined using 96-well microtitre plates.  50 
μL of AO22 culture was added to each well, followed by 50 μL of metal solutions to 10 different final 
concentrations (100 to 280 ppm).  A 50 μL LB +50 μL AO22 only control and a 100 μL LB-only control 
were also set up.  The microtitre plates were incubated for 3 days at 30°C.  10 μL of 5% MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) prepared in 1x phosphate-buffered saline (PBS) was 
then added to each well and the plates incubated in dark for 2h at 30°C.  Solubilisation solution (12.5 mL 10% 
Triton X + 1.225 mL 10.2 M HCl + 111.27 mL isopropanol) was prepared and 10 μL of this added to each 
well to visually differentiate bacterial growth from media solidification. 
To determine the ability of AO22 to associate with sunn hemp plants (e.g., in a symbiotic or endophytic 
association), AO22 was grown overnight in 20 mL LB.  The cell pellet was resuspended in 10mL PBS, and 
the suspension adjusted to an optical density of 1 at 600 nm.   Sunn hemp seeds (40-50) were surface-
sterilised by washing in 10% bleach for 15 min, then sterile distilled water (dH2O), 70% ethanol, then dH2O.  
Half of the seeds were soaked in dH2O for 2 h as control, and others soaked in the AO22 cell suspension for 2 
h. The seeds were then spread on sterilised vermiculite wet with dH2O, covered in foil and placed in a plant 
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growth cabinet at 20°C and 70% humidity and grown for 2 weeks after germination. 36 seedlings of 
comparable height and general health were then chosen (18 from control, 18 from seeds presoaked in AO22).  
Any heavy metals present in the sand to be used in potting mix were removed by acid-washing with 1M nitric 
acid for 24 h, then dH2O.  The seedlings were transferred individually to pots containing 50g of washed sand: 
perlite (3:5), placed in the plant growth cabinet and watered with 5 mL/day dH2O for 2 days, then 5 mL/day 
of half-  Then for each group of plants (18 water-soaked, 18 AO22-
presoaked), six pots were given water (0 ppm Cd control), six were treated once with 50 ppm Cd solution, and 
six more with 100 ppm Cd solution.  The plants were grown for a further 3 weeks by watering with 5 mL/day 
dH2O for 2 days, then 5 mL/day of half-  solution.  They were then removed from pots, 
washed to remove any sand and the root and shoot length of each was measured.  The roots and shoots were 
separated, placed into open bags of aluminium foil and dried at 80°C for 3 days, and the dry mass noted.  The 
dried material was transferred to 15 mL centrifuge tubes, crushed to powder, 2 mL of 70% nitric acid added 
and the tubes placed in an 80°C water bath for 2 days.  2 mL of 37% H2O2 was added and made to 10 mL 
with deionised water.  Atomic absorption spectrometry was used to determine the concentration of Cd.  All 
above steps were repeated for Zn.  To test for association of plants with AO22, at harvesting, three control 
plants (no AO22, no Cd) and three plants from AO22-presoaked seeds and treated with Cd (0, 50 and 100 
ppm) were washed in dH2O, then surface-sterilised with 5% bleach + a few drops of Tween-20, then dH2O, 
70% ethanol, then dH2O.  The roots and shoots were separately placed in 15 mL tubes with 2-3 mL dH2O and 
crushed.  1 mL of each homogenate was plated on Luria agar plates containing ampicillin and incubated for 3 
days at 30°C. Colony morphology was observed, Gram staining conducted.  Several colonies were also 
subjected to MALDI-TOF analysis. 
3. Results 
3.1. MICs of AO22 for Cd and Zn and Association of AO22 with sunn hemp plants 
AO22 was found able to grow on up to 210 ppm Cd and up to 220 ppm Zn (data not shown).  The extracts 
from surface-sterilised plants at the end of the 4-week period were plated on LB plates containing 50 μg/mL 
ampicillin, as previous work had shown that AO22 was ampicillin-resistant.  The extracts from plants grown 
from control seeds (soaked in dH2O) led to no bacterial colonies, while those from plants grown from AO22-
presoaked seeds and grown with or without Cd exhibited many colonies (data not shown).  MALDI-TOF 
analysis confirmed that AO22 was present in plants grown from AO22-presoaked seeds.  The results showed 
that AO22 did not infect non-AO22 presoaked controls, that it could survive inside sunn hemp plants 
including those grown on Cd, and that it may have effectively become endophytic.  
3.2. Effect of AO22 on plant growth parameters of sunn hemp grown on Cd-contaminated soil 
A significant increase (5-7 cm) was observed in root length of plants grown from seeds presoaked with 
AO22, compared to those from control seeds (no AO22-presoaking), and the increase was uniform across all 
concentrations of Cd applied (Table 1).  AO22 also had a positive effect on shoot length at 0 ppm Cd, but no 
significant effect at 50 and 100 ppm Cd.   
Table 1. Effect of AO22 association on plant growth parameters and Cd accumulation  
Parameter  Control root  AO22-associated root Control shoot AO22-associated shoot  
Length (cm) 
Cd 0 ppm 5.50 ± 0.289 11.75 ± 0.777 17.83 ± 1.481 21.88 ± 1.068 
Cd 50 ppm 4.83 ± 0.167 12.75 ± 2.026 15.83 ± 2.773 18.63 ± 0.554 
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Cd 100 ppm 5.17 ± 0.167 10.00 ± 0.707 14.50 ± 2.646 17.13 ± 1.179 
Dry weight (g) 
Cd 0 ppm 0.074 ± 0.021 0.099 ± 0.011 0.168 ± 0.021 0.204 ± 0.019 
Cd 50 ppm 0.025 ± 0.005 0.062 ± 0.010 0.096 ± 0.017 0.151 ± 0.020 
Cd 100 ppm 0.023 ± 0.004 0.054 ± 0.003 0.089 ± 0.013 0.135 ± 0.009 
Cd accumulation  
(μg per plant)  
Control plant AO22-associated plant   
Cd 0 ppm 0.000 0.000   
Cd 50 ppm 16.071 ± 5.491 4.270 ± 0.747   
Cd 100 ppm 10.130 ± 2.172 13.834 ± 1.589   
At 0 ppm Cd, the difference in root biomass (dry weight) was not significant, but at 50 and 100 ppm Cd, 
plants from AO22-presoaked seeds were significantly heavier.  Thus not only were the roots for sunn hemp 
with AO22 association longer, they were also heavier.  Similarly, the difference in shoot biomass (dry weight) 
was not significant at 0 ppm Cd, but at higher Cd, the shoot weight of AO22-associated plants was 150% 
higher than controls.  It was also notable that plants without AO22 association accumulated more Cd per plant 
than those with it, at 50 ppm Cd (Table 1).  However, they accumulated similar amounts of Cd at 100 ppm Cd, 
with no statistical difference with or without AO22 association. 
3.3. Effect of AO22 on plant growth parameters of sunn hemp grown on Zn-contaminated soil  
It is noteworthy that seedlings from AO22-presoaked seeds showed increased root length at all levels of Zn 
exposure, compared to respective controls (Table 2).  However, the difference became less pronounced as the 
amount of Zn increased, the least difference being at 100 ppm Zn.  At 0 ppm Zn, plants from AO22-presoaked 
seeds exhibited about 3.5 cm longer shoots than those of controls (from no-AO22 seeds).  The differences 
were was not significant at higher Zn.  The dry weight of roots showed no significant differences at various 
Zn levels.  It is particularly notable that the roots were longer in plants from AO22-presoaked seeds, but not 
heavier (unlike the results for Cd).   
Table 2. Effect of AO22 association on plant growth parameters and Zn accumulation 
Parameter Control root  
 
AO22-associated root  Control shoot  
 
AO22-associated 
shoot  
Length (cm) 
Zn 0 ppm 4.63 ± 0.515 8.80 ± 1.125 13.88 ± 1.008 17.30 ± 1.290 
Zn 50 ppm 4.63 ± 0.125 7.50 ± 0.689 16.13 ± 0.851 14.80 ± 0.903 
Zn 100 ppm 5.75 ± 0.433 7.30 ± 0.561 12.13 ± 0.875 13.10 ± 0.967 
Dry weight (g) 
Zn 0 ppm 0.049 ± 0.009 0.070 ± 0.010 0.114 ± 0.014 0.141 ± 0.012 
Zn 50 ppm 0.050 ± 0.003 0.047 ± 0.002 0.118 ± 0.017 0.124 ± 0.010 
Zn 100 ppm 0.044 ± 0.003 0.046 ± 0.004 0.097 ± 0.009 0.098 ± 0.008 
Zn accumulation  
(μg per plant) 
Control plant AO22-associated 
plant 
  
Zn 0 ppm 9.487 ± 0.019 11.046 ± 0.695   
Zn 50 ppm 89.161 ± 22.355 147.285 ± 46.120   
Zn 100 ppm 204.485 ± 39.090 404.499 ± 107.025   
The dry weights of shoots with AO22-association were a higher than those without it at 0 and 50 ppm Zn, 
but there was no difference at 100 ppm Zn. At 0 ppm Zn, the differences in Zn accumulation per plant were 
insignificant (Table 2).  At 50 ppm, the plants from AO22-presoaked seeds appeared to accumulate more Zn 
than no-AO22 control seeds, but the large margin of error, possibly due to differences in biological replicates 
made the results inconclusive.  At 100 ppm, the plants from AO22-presoaked seeds accumulated double the 
Zn than those from controls. It is noteworthy that some Zn accumulation was found in plants grown in 0 ppm 
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Zn being a micronutrient. 
4. Discussion 
The above data indicate strongly that association with Achromobacter sp. strain AO22 may account for the 
increase in root lengths at all Cd concentrations tested.  AO22 also likely causes an increase in shoot length at 
0 ppm Cd, but has no effect at higher Cd.  In plants from seeds presoaked in AO22, the roots were also 
heavier at 50 and 100 ppm Cd, yet no difference was noted at 0 ppm Cd, compared to respective no-AO22 
controls, and the shoots also reflected this trend.  Overall, the biomass of AO22-associated plants was higher 
than non-AO22 controls.  Association with AO22 seemed to have also enabled sunn hemp to accumulate less 
Cd per plant at 50 ppm, but had no effect at 100 ppm.  This is notable, given the larger, heavier plants from 
the AO22-association group.  If Cd accumulation in a plant is related to its biomass, then a larger plant would 
be expected have more Cd, not less.  This suggests that AO22 may have genetic mechanism(s) of Cd efflux 
and/or preventing Cd uptake, and an association with AO22 may protect the plant from Cd toxicity.  AO22 
may also account for the increased root length of plants grown in Zn contaminated potting mix.  However, it 
did not affect shoot length or dry weight at higher Zn levels, suggesting high Zn levels may not be beneficial 
beyond a certain threshold, and higher levels of Zn should be tested for any potential toxicity effects.  While 
there was minimal effect of AO22 on Zn accumulation in plants at 50 ppm, the difference was notable at 
higher Zn.  AO22 may account for the increased in Zn accumulation in plants either by own protein 
expression, or by inducing the plant to express proteins such as phytochelatin.  Achromobacter sp. AO22 thus 
appears unique in its dual abilities compared to other bacterial-assisted systems [9, 10] and should be 
investigated for associating with, or genetic modification of, crop plants for minimizing Cd uptake and/or 
improving Zn levels.   
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